The thymidine kinases encoded by herpesviruses of higher vertebrates form a distinct group and are unrelated to the thymidine kinases (TKs) of other organisms. Their evolutionary source has not been identified, but our analysis has revealed a clear relationship with a sequence of human deoxycytidine kinase (dCK) published recently. We report the sequence of the putative TK of channel catfish virus, a herpesvirus of a lower vertebrate, and show that it is also related to dCK. We propose, therefore, that the TKs of herpesviruses of higher and lower vertebrates have evolved, either independently or successively, from a cellular dCK.
The thymidine kinases encoded by herpesviruses of higher vertebrates form a distinct group and are unrelated to the thymidine kinases (TKs) of other organisms. Their evolutionary source has not been identified, but our analysis has revealed a clear relationship with a sequence of human deoxycytidine kinase (dCK) published recently. We report the sequence of the putative TK of channel catfish virus, a herpesvirus of a lower vertebrate, and show that it is also related to dCK. We propose, therefore, that the TKs of herpesviruses of higher and lower vertebrates have evolved, either independently or successively, from a cellular dCK.
Thymidine kinase (TK; EC 2.7.1.21) catalyses the formation of thymidylate by the phosphorylation of thymidine using ATP as the phosphate donor. Herpesvirus TKs differ from cell cytosolic TKs in both their substrate specificity and the phosphate donors that they can utilize. Herpesvirus and certain mitochondrial TKs have the ability to use CTP as an alternative phosphate donor, but differ in their sensitivity to dCTP inhibition and physical properties (Kit, 1985; Kit et al., 1974) .
Unlike cellular TKs, herpesvirus TKs can utilize a broad range of substrates in addition to thymidine, including deoxycytidine, a capability which is essential for the recognition of several antiviral nucleoside analogues, such as acyclovir and (E)-5-(2-bromovinyl)-2'-deoxyuridine (BVdU; Fyfe et al., 1978; Cheng et al., 1981; Larder et al., 1983) . Moreover, most herpesvirus TKs are also able to phosphorylate thymidylate (Chen et al., 1979) , which has a crucial role in the activation of certain nucleoside analogues. For example, herpes simplex virus type 1 (HSV-1) and varicella-zoster virus (VZV), which are sensitive to BVdU, express TKs that phosphorylate this compound to both the mono-and diphosphate forms, whereas HSV-2, which is resistant to BVdU, expresses a TK that can catalyse production of the monophosphate form only (Fyfe, 1981) . Most nucleoside analogues are active in the nucleoside triphosphate form, which inhibits virus replication by interacting with DNA polymerase and presumably is formed by the action of a cellular kinase (reviewed in Larder & Darby, 1984) .
Poxviruses encode TKs with substrate specificities and physical properties similar to those of cell cytosolic TKs (Kit, 1985; Kit et al., 1974) , and these features, as well as clear amino acid sequence similarity, have led to the proposal that poxvirus TKs evolved from cell cytosolic TKs (Kwoh & Engler, 1984; Boyle et al., 1987 and references therein). However, there is no apparent similarity between the sequences of herpesvirus and cell cytosolic TKs, with the exception of a single motif common to many enzymes that bind ATP (Walker et al., 1982; Gentry, 1985) , and cellular TK is a tetramer whereas herpesvirus TKs are dimers. To our knowledge, no sequence data are available for mitochondrial TKs. Thus, on the basis of sequence, physical and enzymic properties, herpesvirus TKs form a distinct group, the evolutionary source of which is obscure.
Comparisons between herpesvirus TK sequences have revealed several highly conserved amino acid residues (Robertson & Whalley, 1988; Honess et al., 1989) , which have been grouped into six 'sites' (Balasubramaniam et al., 1990) . The locations of the sites in the 15 published herpesvirus TK sequences are shown in Fig. 1 ii-rIYLDGahGIGKTttgraL -14-EPMaYW -82--05-rVyVDGphGIGKTtaasrL -ii-EPMsYW -73--30-ILY'V-DGpfGvGKTvtaktL -14-EPMqaW -77--20-rVYLDGSmGiGKTsmlneI -14-EPMkYW -70--ii-rVYLDGpfGiGKTsilnaM -14-EPMkYW -70--285-sLFLEGapGvGKTtmlnhL -12-EPMrYW -69--210-fIFLEGsiGvGKTtlIksM -13-EPIaYW -66- , 1990) , and that of CCV possesses a glutamine at this position and a valine at the third position, at which the consensus sequence contains other small hydrophobic amino acids. As small hydrophobic residues are often considered to be similar for the purpose of denoting amino acid conservation (Taylor, 1986; Bordo & Argos, 1991) , the consensus sequence could be modified to EP(M/L/I/V) XXW, which is identical to the site 2 sequence of dCK. The distance between sites 1 and 2 of CCV TK and dCK is similar to that between those of the other herpesvirus TKs.
The region containing sites 3 and 4 has been proposed to have a role in thymidine recognition (Darby et al., 1986) . The triplet DRH is conserved at site 3 of all herpesvirus TKs described. Indeed, it was its similarity to a DRY sequence in yeast thymidylate kinase (TmpK) that was used, in part, by Robertson & Whalley (1988) to suggest an evolutionary relationship between this enzyme and herpesvirus TKs. In site 3 of CCV TK, glutamate replaces aspartate and serine replaces histidine; in site 4, the conserved proline is replaced by cysteine. Despite a lower level of similarity between higher vertebrate herpesvirus and CCV TK sites 3 and 4, the CCV enzyme does appear to be related to herpesvirus TKs in this region, most notably to that of HVS. dCK has DRY in place of the DRH motif in site 3 but lacks convincing similarity in site 4. Nevertheless, the similarity between dCK and herpesvirus TKs at sites 3 and 4 is greater than that between yeast TmpK and herpesvirus TKs (Robertson & Whalley, 1988) , and that between herpesvirus TKs and the sequences reported recently for vaccinia virus (Smith et al., 1989) and human TmpKs (Su & Sclafani, 1991) . We could detect no correlation between the ability of the enzyme to phosphorylate substrates other than thymidine and the amino acid sequence of this region. The distance between sites 2 and 3 of dCK is similar between those of higher vertebrate herpesvirus TKs, but that between those of CCV TK is significantly shorter.
Arginine-rich site 5 is similar to a region of porcine adenylate kinase that is thought to be involved in phosphoryl group binding (Dreusike et al., 1988; Balasubramaniam et al., 1990) . Three conserved arginine residues are present in all herpesvirus TKs reported previously with the exception of BHV-2, which has a proline in place of the third arginine, and there is also a well-conserved GE motif; CCV TK contains the arginines and the GE motif, dCK also possesses the three arginines and the glutamate, but the glycine is replaced by a glutamate. The distance between sites 4 and 5 of CCV TK and dCK is marginally greater than between those of the other herpesvirus TKs.
CCV TK and dCK are similar in length and, unlike other herpesvirus TKs, show similarity outside the five conserved sites, particularly in the regions between sites 2 and 3, and surrounding site 5 (Fig. 3) . They are significantly shorter than higher vertebrate herpesvirus TKs, and lack site 6 and at least one other residue of functional importance (Darby et al., 1986) .
The sequence alignments discussed in this paper demonstrate significant similarity between dCK and herpesvirus TKs. Although it is conceivable that this situation has arisen by convergent evolution, we consider that the data strongly suggest that higher or lower vertebrate herpesvirus TKs have evolved from a captured cellular dCK gene. In developing the ability to phosphorylate thymidine, the enzyme specified by the captured gene in most cases has retained the ability to phosphorylate deoxycytidine. Thus, the proposed origin of herpesvirus TKs is consistent with their distinct biochemical properties. P. T. Harrison was the recipient of a C.A.S.E. research studentship from the Science and Engineering Research Council, and the Wellcome Research Laboratories.
